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Interference effects for SM Higgs in H → ZZ → 4l

Sizeable interference contributions in H → ZZ* despite the small 
width (≈ 4 MeV) of the SM Higgs: off-shell Higgs traded for off-shell Z
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(J)ȏǿ are tensor expressions for each Vi. The BSM 
couplings a2, a3 and ��Λ�

�

 (denoted generically as ai) are assumed 
to be real and can take negative values, with the κ factors in ref. 15 
absorbed into the definition of ��Λ�

�

. The first two are coefficients for 
generic CP-conserving and CP-violating higher-dimensional oper-
ators, respectively, while ��Λ�

�

 is the coefficient for the first-order 
term in the expansion of a SM-like tensor structure with an anoma-
lous dipole form factor in the invariant masses of the two V bosons. 
In what follows, we will use the shorthand ‘ai hypothesis’ to refer 
to the scenario where all BSM HVV couplings other than ai itself  
are zero.

Throughout this work, we assume that the gluon fusion loop 
amplitudes do not receive new physics contributions apart from a 
rescaling of the SM amplitude. Possible modifications of the mZZ 
line shape26,27 are neglected based on existing LHC constraints28–30.

2ℓ2ν analysis considerations. The 2ℓ2ν analysis is based on the 
reconstruction of Z → ℓℓ decays with a second Z boson decaying to 
neutrinos that escape detection. The momentum of the undetected 
Z boson transverse to the pp collision axis can be measured through 
an imbalance across all remaining particles, that is, missing trans-
verse momentum ( QNJTT

5

 or QNJTT

5

 in vector form). Thus, the analysis 
requires large QNJTT

5

 as the Z → νν signature.
The event selection is sensitive to the tail of the instrumental 

Q

NJTT

5

 resolution in pp → Z + jets events, which constitute an impor-
tant reducible background. This contribution is estimated through 
a study of a data control region (CR) of γ + jets events, where QNJTT

5

 is 
purely instrumental, as it is in Z + jets events.

Processes such as QQ → UU  or WW result in non-resonant dilep-
ton final states of the same (e+e− and μ+μ−) and opposite (e±μ∓) 
flavour, with the same probability and the same kinematic proper-
ties. Thus, their background contribution to the 2ℓ2ν signal, which 
includes two leptons of the same flavour, is estimated from an 
opposite-flavour eμ CR.

Other backgrounds from RR → ;;, RR′ → 8; with W → ℓν and 
an undetected lepton, and the small contribution from tZ production,  

are estimated from simulation. A third CR of trilepton events, 
consisting mostly of RR′ → 8; events, is used to constrain the 
RR

′ → 8; background and, most importantly, the large RR → ;; 
background. The ability to constrain RR → ;; from RR′ → 8; is 
based on the similarity in the physics of these processes.

Further details on event selection, kinematic observables and the 
methods to estimate the different contributions are discussed in the 
Methods.

2ℓ2ν kinematic observables. The analysis of off-shell H-boson 
events is based on mZZ. This quantity is computed from the recon-
structed momenta in the 4ℓ final state as the invariant mass of the 
4ℓ system, m4ℓ. However, because of the undetected neutrinos, we 
can only use the transverse mass N;;

5

, defined below, as a proxy for 
mZZ in the 2ℓ2ν final state. First, we identify QNJTT

5

 as the transverse 
momentum vector of the Z boson decaying into neutrinos. As there 
is no information on the longitudinal momenta of the neutrinos, 
N

;;

5

 is then computed as the invariant mass of the ZZ pair with all 
longitudinal momenta set to zero. This results in a variable with a 
distribution that peaks at mZZ, with a long tail towards lower values. 
The definition of N;;

5

 is

(

N

;;

5

)

�

=

[

√

Q

!!

5

�

+N!!
�

+

√

Q

NJTT

5

�

+N

;

�

]

�

−
∣

∣

Q

!!

5

+ Q

NJTT

5

∣

∣

�




where Q!!

5

 and mℓℓ are the dilepton transverse momentum and 
invariant mass, respectively, and mZ, the Z boson pole mass, is taken 
to be 91.2 GeV.

The kinematic quantity QNJTT

5

 itself is used as another observ-
able to discriminate processes with genuine, large QNJTT

5

 against the 
Z + jets background. Finally, in events with at least two jets, we use 
matrix element (MELA26) kinematic discriminants that distinguish 
the VBF process from the gg process or SM backgrounds. These 
discriminants are the D7#'

�KFU

-type kinematic discriminants used in 
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Fig. 2 | SM calculations of ZZ invariant mass in the gg and EW processes. Distributions for the 2ℓ2ν invariant mass (m2ℓ2ν) from the gg!→!2ℓ2ν process 
(left) and for the 4ℓ invariant mass (m4ℓ) from the EW ZZ(→4ℓ)!+!qq processes (right). These processes involve the H boson (∣H∣2) and interfering 
continuum (∣C∣2) contributions to the scattering amplitude, as shown in black and gold, respectively. The dashed green curve represents their direct 
sum without interference (∣H∣2!+!∣C∣2), and the solid magenta curve represents the sum with interference included (∣H!+!C∣2). Note that the interference 
is destructive, and its importance grows as the mass increases. The integrated luminosity is taken to be 1!fb−1, so these distributions are equivalent to 
the differential cross-section spectra dσ/dm2ℓ2ν (left) and dσ/dm4ℓ (right). The distributions are shown after requiring that all charged leptons satisfy 
pT!>!7!GeV and ∣η∣!<!2.4, and that the invariant mass of any charged lepton pair with the same flavour and opposite charge is greater than 4!GeV. Here, pT 
denotes the magnitude of the momentum of these leptons transverse to the pp collision axis, and η denotes their pseudorapidity, defined as −MO[UBO (Ȇ��)] 
using the angle θ between the momentum vector and the collision axis. Calculations for the gg!→!4ℓ and EW ZZ(→2ℓ2ν)!+!qq processes exhibit similar 
qualitative properties. The details of the Monte Carlo programs used for these calculations are provided in the Methods.
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[CMS Collaboration ’22]
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Interference effects in BSM Higgs searches
Example: CMS search for H, A → tt

3

[CMS Collaboration ’19]

Characteristic ``peak-dip’’ structure expected from signal-background 
interference

⇒
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Search for BSM Higgs bosons that can mix with 
each other (almost mass-degenerate Higgses H, A)

4

General case: inclusion of interference effects
Total cross section:

σtot = σ(bb̄H) + σ(bb̄A) (incoherent sum)

holds only in the CP-conserving case

But: in reality we don’t know whether CP in the Higgs sector is
conserved or not

In the general case:
Complex parameters ⇒ loop corrections induce CP-violation
Two Higgs states, nearly mass degenerate, large mixing
⇒ Large (destructive) interference possible

MSSM Higgs at the LHC: Interpretation of limits and search reach, Georg Weiglein, CMS Higgs Meeting, DESY, Hamburg, 11 / 2011 – p.13

Example: MSSM with complex parameters

(signal-signal contribution):
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• complex Mmod+
h scenario with µ = 1000GeV, interference included via rescaling by ⌘̃a.

I plotted the excluded and allowed points in Fig. 10.6 in my thesis (=Fig. 1(a) here).
As a cross check, I could directly reproduce the results for the real Mmod+

h scenario with µ = 200GeV and
µ = 1000GeV. However, in the complex scenario (even neglecting the interference) I obtained a stronger
limit than Oscar due to the Ẑ-factor enhanced individual cross sections of h2 and h3 with the FeynHiggs flag
higgsmix=3. Only if I set higgsmix=2 (not appropriate in the complex case), I can reproduce the bounds
from Oscar’s HiggsBounds run, also the intermediate results CS bb hj ratio and CS gg hj ratio. So I sent
him a comparison of our results, a description of what I did and asked him in some emails if he had adjusted
higgsmix. Because I did not get an answer (I fully understand that he is busy in his new job, but I should
finally finish this comparison...), I read his file that he used for his HB scan. There were flags and comments to
switch on/o↵ the ⌘ contributions and to set �At = 0 or ⇡/4. On the other hand, higgsmix=2 and there was
no comment to change it.
Conclusion: higgsmix=2 instead of 3 seems to explain the di↵erence between Oscar’s and my results. I
continue with my results where I set higgsmix=3 in the complex scenario. The conclusion also implies that
Fig. 10.6 of my thesis (see Fig.1(a)) is not completely “kosher”. The qualitative e↵ect remains the same, but
the bounds shift noticeably.
Confirmation: When I just finished writing this paragraph, an email from Oscar arrived! He confirmed that
it is very likely that higgsmix=2 was used in his scan file.

2.2 Implementation of ⌘bb
a and ⌘gg

a

The interference terms in the bb̄- and the gg-initiated processes are taken into account in the following way:

�MSSM(bb̄ ! ha)

�SM(bb̄ ! ha)
�! �MSSM(bb̄ ! ha)

�SM(bb̄ ! ha)
· (1 + ⌘bba ), (9)

�MSSM(gg ! ha)

�SM(gg ! ha)
�! �MSSM(gg ! ha)

�SM(gg ! ha)
· (1 + ⌘gga ). (10)

Fig. 1(a) shows the previous result where the interference is included only in bb̄ and higgsmix=2 is used despite
the complex scenario. In contrast, Fig. 1(b) is based on higgsmix=3 and shows the exclusion bounds if no
interference is considered (blue), interference in only gg (gray), bb (black) and a combination of both (red)
according to Eqs. (9,10).

(a) Old: only ⌘bba , higgsmix=2. (b) New: ⌘bba and ⌘gga , higgsmix=3.

Figure 1: Parameter regions excluded by HiggsBounds for µ = 1000GeV, �At = ⇡/4 without the interference term
(blue) and including the interference term (red) by modifying the input data for HiggsBounds with ⌘ (see text).

2.3 Next steps

Discuss this new result, include it in Blois proceedings. Then replace FH production prediction by complex
SusHi.

2

Search for heavy Higgs bosons at the LHC: impact 
of interference effects

5

[E. Fuchs, G. W. ’17]Exclusion limits from neutral Higgs searches in 
the MSSM with and without interference effects:

CP-violating case,

ɸAt = π / 4


H, A are nearly 
mass degenerate: 
large mixing 
possible in CP-
violating case!


Incoherent sum is 
not sufficient!

⇒ Large CP-violating interference effects possible 

mhmod+  scenario,

μ = 1000 GeV

HiggsBounds
[H. Bahl et al. ’22]
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Mh1125(CPV) benchmark scenario

6

MSSM: M125
h1

(CPV) benchmark with interference
[Bagnaschi, Bahl, EF, Hahn, Heinemeyer, Liebler, Patel, Slavich, Stefaniak, Wagner, Weiglein ’18]

MSUSY = 2 TeV, µ = 1.65 TeV,

M1 = M2 = 1 TeV, M3 = 2.5 TeV,

|At| = Ab,⌧ = µ cot� + 2.8 TeV,

�At = 2⇡/15

XMh1 = 125.09±3GeV FeynHiggs

X h1 SM-like HiggsSignals

X additional searches HiggsBounds

X EDM 2013 ⇥ EDM 2018
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Elina Fuchs (CERN) | BSM Interference Effects | 16

[E. Bagnaschi et al. ’18]

Unexcluded ``bay’’ because of destructive h2—h3 interference of up 
to −95%

⇒
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Signal-signal interference contributions

7

ratios from the existing literature including available higher-order corrections. Regarding
the determination of the relative interference contributions, we restrict ourselves to the
computation of the relevant 2 ! 2 partonic processes at leading order (LO). This means
that process (24), which involves bb̄ha-associated production, is treated at tree-level, while
the leading contributions to gluon fusion entering process (25) consist of one-loop diagrams
with quarks q and squarks q̃, in particular those of the third generation. Besides, we take
propagator-type corrections into account by using Higgs masses, total widths and Ẑ-
factors from FeynHiggs including the full one-loop and dominant two-loop corrections.
The procedure to evaluate the relative interference contributions on the basis of leading-
order diagrams is motivated by the fact that the vertex corrections to the production and
decay factorise (apart from non-factorisable initial-to-final state radiation). It furthermore
avoids double-counting of higher-order contributions that are incorporated in the separate
production and decay processes. We calculate the LO contributions to the amplitude and
the cross section of the full process of production and decay using FeynArts [70–74] with
a model file containing Ẑ-factors for the Higgs vertices (in this way the Higgs propagators
are expressed in terms of Ẑ-factors and lowest-order Breit–Wigner propagators as given
in (20)), FormCalc [75–79] and, as mentioned above, FeynHiggs for quantities from the
Higgs sector.

3P
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⌧
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2

Figure 2: Higgs boson production at LO via bb̄ (left) and gg (right) with decay into ⌧+⌧�.
The couplings of the mass eigenstates ha = h1, h2, h3 (blue, dashed) to the initial and final state
contain a combination of Ẑ-factors (denoted by blue circles).

Quantifying the interference In order to determine the interference term in each
of the two processes (24, 25), we distinguish between the coherent sum of the 2 ! 2
amplitudes with h1, h2, h3-exchange including the interference and their incoherent sum
without the interference,

|A|
2
coh =

����
3X

a=1

Aha

����
2

, |A|
2
incoh =

3X

a=1

����Aha

����
2

. (26)

The interference term is then obtained from the di↵erence,

|A|
2
int = |A|

2
coh � |A|

2
incoh =

X

a<b

2Re
⇥
AhaA

⇤
hb

⇤
. (27)

Accordingly, the coherent cross section refers to the cross section based on the coherent
sum of amplitudes, �coh ⌘ � (|A|

2
coh), and likewise for the incoherent cross section �incoh

(omitting the interference term) and the interference part of the cross section �int. Fur-
thermore, we define the relative interference term for each production mode P = bb̄, gg

11

+ higher-order contributions


Signal-signal interference contributions can be large for         
ΔMij = |Mi − Mj|  ≦ 𝛤i + 𝛤j


Typical situation in searches for heavy BSM Higgs bosons:        
M1 ≈ 125 GeV,  M2 ≈ M3 ≫ M1


Large signal-signal effects possible if h2, h3 mix with each other, 
resonance-type behaviour!

Example: three neutral mass eigenstates h1, h2, h3, 𝛕+𝛕- final state, 
bb associated production and gluon fusion process

⇒
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Higgs production via gluon fusion in the MSSM 
with CP-violation: SusHiMi code

8

0

2

4

6

8

10

1.16
1.18
1.20
1.22
1.24

H3

H2

�LO

�

� w/o t̃, b̃

0 ⇡/2 ⇡ 3⇡/2 2⇡

�
[f
b
]

�
/
�
L
O

�At

gg ! H2/H3 (13TeV)

895.8

896.0

896.2

896.4

896.6

H3

H2

0 ⇡/2 ⇡ 3⇡/2 2⇡

m
�
[G

eV
]

�At

m
mod+
h

tan� = 40
mH± = 900GeV

[S. Liebler, S. Patel, G. W. ’16]gg → H2 H3, dependence on phase ɸAt:  

Only production process shown here  

Large mixing contributions between the mass eigenstates H2, H3 
Full result for σ x BR needs to incorporate interference contribution

⇒
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Extended Higgs sectors: several Higgs states which can mix 
with each other 


Higgs-mass prediction from propagator matrix


Example: 


MSSM with complex parameters; two Higgs doublets, three 
neutral states


Lowest order: h, H (CP-even) and A (CP-odd)                              
CP violation induced by loop corrections:                             
Mixing of h, H, A  ⟶ mass eigenstates h1, h2, h3 

9

Theoretical description
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Standard narrow-width approximation (NWA): 
interference effects are not taken into account

10

Standard Narrow-Width Approximation (NWA)
I simplify complicated process by factorisation: production ⇥ decay

a

b

c e

f

d

q
2
,M,�

q
2 = M

2 a

b

c e

f
⇥d

q
2 = M

2

d

q
2 = M

2

I on-shell production and decay of particle with mass M :

�ab!cef ⇡ �ab!cd(q2 = M
2) · BRd!ef

I useful in particular for BSM with extended spectrum

Conditions and limitations of standard NWA

I narrow width � ⌧ M , otherwise off-shell effects e.g. [Gigg, Richardson ’08]

I production & decay open, away from thresholds e.g. [Kauer ’08]

I non-factorisable corrections small e.g. [Denner, Dittmaier, Roth ’98]

I no interference with other processes
e.g. [Reuter ’07], [Berdine, Kauer, Rainwater ’07], [Kalinowski, Kilian, Reuter, Robens, Rolbiecki ’08]

Elina Fuchs (CERN) | BSM Interference Effects | 1
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Extended Higgs sector phenomenology: mixing 
between three neutral Higgs bosonsHiggs propagator-type corrections
Mixing between h,H,A

⇒ loop-corrected masses obtained from propagator matrix

∆hHA(p2) = −
(

Γ̂hHA(p2)
)−1

, Γ̂hHA(p2) = i
[

p21l − Mn(p2)
]

where (up to sub-leading two-loop corrections)

Mn(p2) =







m2
h − Σ̂hh(p2) −Σ̂hH(p2) −Σ̂hA(p2)

−Σ̂hH(p2) m2
H − Σ̂HH(p2) −Σ̂HA(p2)

−Σ̂hA(p2) −Σ̂HA(p2) m2
A − Σ̂AA(p2)







⇒ Higgs propagators: ∆ii(p
2) =

i

p2 − m2
i + Σ̂eff

ii (p2)
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.12
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Determination of the Higgs masses from the 
complex poles

Determination of the masses from
the complex poles

Σ̂eff
ii (p2) = Σ̂ii(p

2) − i
2Γ̂ij(p2)Γ̂jk(p2)Γ̂ki(p2) − Γ̂2

ki(p
2)Γ̂jj(p2) − Γ̂2

ij(p
2)Γ̂kk(p2)

Γ̂jj(p2)Γ̂kk(p2) − Γ̂2
jk(p2)

Complex pole M2 of each propagator is determined from

M2
i − m2

i + Σ̂eff
ii (M2

i ) = 0,

where
M2 = M2 − iMΓ,

Expansion around the real part of the complex pole:

Σ̂jk(M2
ha

) ≈ Σ̂jk(M
2
ha

) + i Im
[

M2
ha

]

Σ̂′
jk(M

2
ha

)

j, k = h,H,A, a = 1, 2, 3
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.13
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Propagator matrix

Without mixing:  Δhh, … has a single pole


For (n x n) mixing: each of the entries Δhh, … in general has n poles

13

so that only the two CP-even states h and H would mix with each other. Our treatment
corresponds to the case where non-zero phases from complex parameters are taken into
account. Hence all renormalised self-energies ⌃̂ij(p2) of the Higgs bosons i, j = h,H,A are
in general non-vanishing, so that the matrix M of mass squares consists of the tree-level
masses m2

i
on the diagonal and renormalised self-energies on the diagonal and o↵-diagonal

entries. Expressed in terms of the lowest-order mass eigenstates h,H,A, which are also
CP eigenstates, the matrix takes the form

M(p2) =

0

@
m

2

h
� ⌃̂hh(p2) �⌃̂hH(p2) �⌃̂hA(p2)

�⌃̂Hh(p2) m
2

H
� ⌃̂HH(p2) �⌃̂HA(p2)

�⌃̂Ah(p2) �⌃̂AH(p2) m
2

A
� ⌃̂AA(p2)

1

A . (1)

The renormalised irreducible 2-point vertex functions

�̂ij(p
2) = i

h
(p2 �m

2

i
)�ij + ⌃̂ij(p

2)
i

(2)

can be collected in the 3⇥ 3 matrix �̂hHA in terms of M as

�̂hHA(p
2) = i

⇥
p
21�M(p2)

⇤
. (3)

Finally, the propagator matrix �hHA equals, up to the sign, the inverse of �̂hHA,

�hHA(p
2) = �

h
�̂hHA(p

2)
i�1

. (4)

Accordingly, the matrix inversion yields the individual propagators �ij(p2) as the the (ij)
elements of the 3⇥ 3 matrix �hHA(p2),

�hHA =

0

@
�hh �hH �hA

�Hh �HH �HA

�Ah �AH �AA

1

A . (5)

The o↵-diagonal entries (for i 6= j) result in:

�ij(p
2) =

�̂ij�̂kk � �̂jk�̂ki

�̂ii�̂jj�̂kk + 2�̂ij�̂jk�̂ki � �̂ii�̂2

jk
� �̂jj�̂2

ki
� �̂kk�̂2

ij

. (6)

All 2-point vertex functions �̂(p2) depend on p
2 via Eq. (2). Here we do not write the

p
2-dependence explicitly for the purpose of a simpler notation, but the full p2-dependence
is implied also below. The solutions of the diagonal propagators, �ii, can be expressed in
the following compact way:

�ii(p
2) =

�̂jj�̂kk � �̂2

jk

��̂ii�̂jj�̂kk + �̂ii�̂2

jk
� 2�̂ij�̂jk�̂ki + �̂jj�̂2

ki
+ �̂kk�̂2

ij

(7)

=
i

p2 �m
2

i
+ ⌃̂e↵

ii
(p2)

, (8)

5

[E. Fuchs, G. W. ’16]
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Figure 3: Contributions from the full mixing propagators �ij(p2) for i, j = h,H,A to a generic

amplitude (cf. Ref. [13]). If the Ẑ-factor approach is applied, each of the 9 full propagators
needs to be approximated by the sum of the three corresponding Breit–Wigner diagrams as
shown in Fig. 2.

Applying Eq. (76), the amplitude in Eq. (77) can be approximated by the sum over Breit–
Wigner propagators multiplied by on-shell Z-factors, in agreement with Ref. [13],

A '
X

i,j=h,H,A

�̂X

i

"
3X

a=1

Ẑai �
BW

a
(p2) Ẑaj

#
�̂Y

j
(78)

=
3X

a=1

 
X

i=h,H,A

Ẑai�̂
X

i

!
�BW

a
(p2)

 
X

j=h,H,A

Ẑaj�̂
Y

j

!
(79)

=
3X

a=1

�̂X

ha
�BW

a
(p2) �̂Y

ha
. (80)

The first bracket in Eq. (79) represents �̂X

ha
, i.e., the vertex X connected to the mass

eigenstate ha as for an external Higgs boson in Eq. (30). Subsequently, the second bracket
is equal to the coupling of ha at vertex Y , �̂Y

ha
. As opposed to Sect. 2.3, the ha is not

on-shell here, but a propagator with momentum p
2 between the vertices X and Y , rep-

resented by the Breit–Wigner propagator �BW

a
(p2). So the Ẑ-factors are not only useful

for the on-shell properties of external Higgs bosons, but they can also be used as an on-
shell approximation of the mixing between Higgs propagators. This will be investigated
numerically in Sect. 5.

4.3 Calculation of interference terms in the Breit–
Wigner formulation

In Eq. (76), the Breit–Wigner propagators are combined such that they approximate a
given full propagator. Conversely, we will now separate the ha part from the contribution
of the other mass eigenstates in the amplitude with Higgs exchange between the vertices
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Finite wave function normalisation factors for 
amplitudes with external Higgs bosons

14

Wave function normalisation (finite) for
amplitudes with external Higgs bosons

Finite wave-function normalisation factors ensure the correct
on-shell properties of the S matrix
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SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.14

Complex quantities, 

evaluated at complex pole
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Finite wave function normalisation factors for 
amplitudes with external Higgs bosons
Wave function normalisation for amplitudes with

external Higgs bosons

WF constants can be written as (non-unitary) matrix Ẑ,

Ẑ =







√
Zh

√
ZhZhH

√
ZhZhA√

ZHZHh
√

ZH
√

ZHZHA√
ZAZAh

√
ZAZAH

√
ZA






,







Γ̂ha

Γ̂hb

Γ̂hc






= Ẑ ·







Γ̂h

Γ̂H

Γ̂A







Fulfills the conditions

lim
p2→M2

ha

−
i

p2 −M2
ha

(

Ẑ · Γ̂2 · ẐT
)

hh
= 1

lim
p2→M2

hb

−
i

p2 −M2
hb

(

Ẑ · Γ̂2 · ẐT
)

HH
= 1

lim
p2→M2

hc

−
i

p2 −M2
hc

(

Ẑ · Γ̂2 · ẐT
)

AA
= 1

SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.15

Every assignment between ha, hb, hc, 
and h, H, A is possible!

Unit residues 


Off-diagonal 
contributions 
vanish on-
shell 
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Finite wave function normalisation factors for 
amplitudes with external Higgs bosons

p
2 = M2

a

ha

�̂ha
=
p
Ẑa

 

Ẑah

ha h

�̂h
+

ẐaH

ha H

�̂H
+

ẐaA

ha A

�̂A

!

p2=M2
a

+ . . .

Figure 1: Ẑ-factors for external Higgs bosons: The vertex function �̂ha is constructed from
vertex functions �̂i, i = h,H,A, the transition factors Ẑai and the overall normalisation factorp
Ẑa. The ellipsis refers to contributions from mixing with Goldstone and gauge bosons.

In this way, propagator corrections at external legs are e↵ectively absorbed into the ver-
tices of neutral Higgs bosons. If Ẑ-factors are applied to supplement the Born result, only
non-Higgs propagator type corrections (such as mixing with the Goldstone and Z-bosons)
as well as vertex, box and real corrections need to be calculated individually.

2.4 E↵ective couplings

Since the Ẑ-matrix is not unitary, it does not represent a unitary transformation between
the {h,H,A} and the {h1, h2, h3} basis. However, it is not necessary to diagonalise the
mass matrix for the determination of the poles of the propagators. Hence there is a
priori no need to introduce a unitary transformation. Though, if a unitary matrix U
is desired for the definition of e↵ective couplings, an approximation of the momentum
dependence of Ẑ is required. There is no unique prescription of how to achieve a unitary
mixing matrix as an approximation of the Ẑ-matrix, but a possible choice is the p

2 = 0
approximation [15, 32]. As in the e↵ective potential approach, the external momentum
p
2 is set to zero in the renormalised self-energies ⌃̂ij(p2) ! ⌃̂ij(0) so that they become
real. Then U diagonalises the real matrix M(0). U can be chosen real and it transforms
the CP-eigenstates into the mass eigenstates,

0

@
h1

h2

h3

1

A = U

0

@
h

H

A

1

A , U =

0

@
U1h U1H U1A

U2h U2H U2A

U3h U3H U3A

1

A , (32)

so that U2

aA
quantifies the admixture of a CP-odd component inside ha [15]. The elements

of U can then be used to introduce e↵ective couplings of the loop-corrected states ha to
any other particles X in terms of the couplings of the unmixed states i by the relation

C
U

haX
=

X

i=h,H,A

UaiCiX . (33)

absorbing some higher-order corrections, but neglecting imaginary parts and the full mo-
mentum dependence of the self-energies. Hence, the application of U resembles the use of
Ẑ-factors in Eq. (29) for the purpose of implementing partial higher-order e↵ects into an
improved Born result. Yet, the rotation matrix U introduced for e↵ective couplings as a
unitary approximation is conceptually di↵erent from the Ẑ-matrix arising from propagator
corrections and introduced for the correct normalisation of the S-matrix.

10

Loop-corrected 

mass eigenstate

Lowest-order states 

Mixing effects taken into account (via non-unitary matrix)  


Correct normalisation of the S matrix

⇒
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Application of wave function normalisation factors for 
internal particles: ``generalised narrow-width approx.’’
Expansion of the full propagator around a complex pole:  
dominant contribution from Breit-Wigner factor,


                                                                                                 
times wave function normalisation factors:


                                                                                                   
Approximation of the full off-shell propagator matrix in terms of 
the on-shell contributions of all complex poles

17

4 Breit–Wigner approximation of the full
propagators

The Ẑ-factors depend on the momentum p
2 in a twofold way. On the one hand, the

propagator factors Di(p2) = p
2 �m

2

i
give rise to an explicit p2-dependence. On the other

hand, the self-energies ⌃̂ij(p2) depend on the momentum as well, but away from thresholds
their p

2 dependence is not particularly pronounced. In this chapter, we will develop
an approximation of the full mixing propagators with the aim to maintain the leading
momentum dependence, but to greatly simplify the mixing contributions by making use
of the on-shell Ẑ-factors.

4.1 Unstable particles and the total decay width

In the context of determining complex poles of propagators, we now briefly discuss reso-
nances and unstable particles, see e.g. Refs. [33–37]. Stable particles are associated with a
real pole of the S-matrix, whereas the self-energies of unstable particles develop an imag-
inary part, so that the pole of the propagator is located within the complex momentum
plane o↵ the real axis. For a single pole, the scattering amplitude A can be schematically
written near the complex pole M2

a
in a gauge-invariant way as

A(s) =
R

s�M2
a

+ F (s), (59)

where s is the squared centre-of-mass energy, R denotes the residue, while F represents
non-resonant contributions. The mass Mha of the unstable particle ha is obtained from
the real part of the complex pole M2

a
= M

2

ha
� iMha�ha , while the imaginary part gives

rise to the total width. Accordingly, the expansion around the complex pole M2

a
leads to

a Breit–Wigner propagator with a constant width,

�BW

a
(p2) :=

i

p2 �M2
a

=
i

p2 �M
2

ha
+ iMha�ha

. (60)

In the following, we will use a Breit–Wigner propagator of this form to describe the
contribution of the unstable scalar ha with mass Mha and total width �ha in the resonance
region.

4.2 Expansion of the full propagators around the com-
plex poles

Eqs. (52) and (53) imply for 3 ⇥ 3 mixing that each propagator �ii,�ij has a pole at
M2

1
,M2

2
and M2

3
. Because of this structure, an expansion of the full propagators near one

single pole is not expected to yield a su�cient approximation. Instead, we will perform an
expansion of the full propagators around all of their complex poles. The final expression
obtained from combining the contributions from the di↵erent poles will constitute a main
result of the present paper.
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expanded around the third complex pole, M2

c
, yielding

�ii(p
2) ' i

(p2 �M2
c
) ·

h
1 + ⌃̂e↵0

ii
(M2

c
)
i (69)

' �BW

c
(p2) · 1

1 + ⌃̂e↵0
kk

(M2
c
)

✓
�ki

�kk

◆2
����
p2=M2

c

(70)

= �BW

c
(p2) · Ẑ2

ci
. (71)

Thus, close to one of the complex poles (e.g. M2

a
), the dominant contribution to the

full propagator �ii can be approximated by the corresponding Breit–Wigner propagator

(�BW

a
) multiplied by the square of the respective Ẑ-factor, (Ẑ

2

ai
). However, close-by poles

may cause overlapping resonances. In order to include this possibility and to extend the
range of validity of the Breit–Wigner approximation to a more general case, we take the
sum of all three Breit–Wigner contributions into account:

�ii(p
2) ' �BW

a
(p2) Ẑ

2

ai
+�BW

b
(p2) Ẑ

2

bi
+�BW

c
(p2) Ẑ

2

ci
=

3X

a=1

�BW

a
(p2) Ẑ

2

ai
. (72)

4.2.2 Expansion of the o↵-diagonal propagators

We proceed similarly for the o↵-diagonal propagators, which also have three complex

poles so that we can expand the propagators around them. Note that Ẑai =
p
Ẑa and

Ẑaj =
p
ẐaẐaj as defined in Eq. (24). Starting at p2 ' M2

a
, we express the Ẑ-factors in

scheme I,

�ij(p
2) =

�ij(p2)

�ii(p2)
�ii(p

2) ' ẐajẐ
2

ai
�BW

a
(p2) = ẐajẐai �

BW

a
(p2), (73)

Next, we approximate �ij near p2 = M2

b
:

�ij(p
2) =

�ji(p2)

�jj(p2)
�jj(p

2) ' ẐbiẐ
2

bj
�BW

b
(p2) = ẐbiẐbj �

BW

b
(p2). (74)

For p2 ' M2

c
, we switch to a scheme where the indices i and c belong together. Thereby

we can write

�ij(p
2) =

�ij(p2)

�ii(p2)
�ii(p

2) ' ẐcjẐ
2

ci
�BW

c
(p2) = ẐcjẐci �

BW

c
(p2), (75)

which is expressed in terms of scheme-invariant Ẑ-factors. Finally, we take the sum of
Eqs. (73)-(75) to obtain

�ij(p
2) '

3X

a=1

Ẑai �
BW

a
(p2) Ẑaj. (76)

This sum is illustrated diagrammatically in Fig. 2.
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i j

'
i h1 j

+

Ẑ1i Ẑ1j

i h2 j

+

Ẑ2i Ẑ2j

i h3 j

Ẑ3i Ẑ3j

Figure 2: Diagrammatic illustration of the full mixing Higgs propagators compared to the
Breit–Wigner propagators where the Ẑ-factors encode the transition between the interaction
and the mass eigenstates.

Eq. (76) represents the central result of this section, covering also the diagonal prop-
agators in the special case of i = j. It shows how the full propagator can be approximated
by the contributions of the three resonance regions, expressed by the Breit–Wigner propa-
gators �a(p2), a = 1, 2, 3, reflecting the main momentum dependence. The mixing among
the Higgs bosons is comprised in the Ẑ-factors which are evaluated on-shell. Nonetheless,
even a part of the momentum dependence of the self-energies is accounted for because
the derivation of Eq. (72) is based on a first-order expansion of the momentum-dependent
e↵ective self-energies. Furthermore, the Ẑ-factors serve as transition factors between the
loop-corrected mass eigenstates ha and the lowest-order states i (although Ẑ is not a uni-
tary matrix transforming the states into each other). Pictorially, �ij is a propagator that
begins on the state i and ends on j while mixing occurs in between. Also on the RHS
of Fig. 2 and Eq. (76) the propagator in the ha-basis begins with i and ends on j. Thus,
the coupling to the rest of any diagram connected to the propagator is well-defined. In
between, each of the ha can propagate, and the correct transition is ensured by Ẑai and
Ẑaj. All three combinations are visualised in Fig. 2.

If CP is conserved and only h and H mix, or if two states are nearly degenerate and
their resonances widely separated from the remaining complex pole, the full 3⇥ 3 mixing
is (exactly or approximately) reduced to the 2 ⇥ 2 mixing case. Then the o↵-diagonal
Ẑ-factors involving the unmixed state vanish or become negligible so that some terms in
Eq. (76) approach zero.

Beyond that, if no mixing occurs among the neutral Higgs bosons, all o↵-diagonal full
propagators as well as the o↵-diagonal Ẑ-factors vanish and each diagonal full propagator
consists of only a single Breit–Wigner term where the Ẑ-factor is based on the diagonal
self-energy instead of the e↵ective self-energy. Thus, Eq. (76) covers all special cases of
the a priori 3⇥ 3 mixing among the neutral Higgs bosons.

4.2.3 Amplitude with mixing based on full or Breit–Wigner
propagators

In a physical process where neutral Higgs bosons can appear as intermediate particles,
all of them need to be included in the prediction, see Fig. 3 and Ref. [13]. The Higgs
part of the amplitude then contains a sum over the irreducible vertex functions �̂X

i
(for a

coupling of Higgs i at the first vertex X) and �̂Y

j
(for a coupling of Higgs j at the second

vertex Y ) times the fully momentum-dependent mixing propagators,

A =
X

i,j=h,H,A

�̂X

i
�ij(p

2) �̂Y

j
. (77)
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[E. Fuchs, G. W. ’16]
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Application of the propagator approximation

18

X and Y :

Aha ⌘ �̂X

ha
�BW

a
(p2) �̂Y

ha
=

X

i,j=h,H,A

�̂X

i
Ẑai �

BW

a
(p2) Ẑaj �̂

Y

j
, (81)

i.e. the exchange of the state ha coupling with the mixed vertices �̂ha from Eq. (30) as for
an external Higgs.
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Ẑah ẐaH
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Figure 4: Diagrammatic representation of the contribution Aha from Eq. (81) of ha (a = 1, 2, 3)
to the amplitude A. The blue lines labelled by ha denote the Breit–Wigner propagator �BW

a (p2),
and the green lines labelled by i, j = h,H,A denote lowest order propagators of h,H,A.

In order to calculate the squared amplitude as a coherent sum, all contributions of
h1, h2, h3 are summed up first before taking the absolute square,

|A|2
coh

=

����
3X

a=1

Aha

����
2

. (82)

On the contrary, the incoherent sum is the sum of the squared individual amplitudes,
which misses the interference contribution,

|A|2
incoh

=
3X

a=1

����Aha

����
2

. (83)

Thus, an advantage of the Breit–Wigner propagators is also the possibility to conveniently
discern the interference of several resonances from their individual contributions in a
squared amplitude

|A|2
int

= |A|2
coh

� |A|2
inccoh

=
X

a<b

2Re
⇥
AhaA⇤

hb

⇤
. (84)

20

Expression of the full process in terms of the on-shell production 
and decay of the intermediate states (⟶ generalised narrow-
width approximation)

Convenient incorporation of higher-order contributions, mixing  
and interference effects

⇒

⇒

[E. Fuchs, G. W. ’16]
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model file. New scalars ij are introduced that correspond to the full propagator �ij(p2)
and couple to the first vertex as the interaction eigenstate i and to the second vertex as
j. Those propagators are used in the FormCalc calculation supplemented by self-energies
from FeynHiggs incorporating corrections up to the two-loop level and the full momentum
dependence at the one-loop level.

Considering only mixing between h andH at this point, we choose as a CP-conserving
scenario theMmax

h
-scenario [39,40] with tan � = 50, MH± = 153GeV, but we modify it by

setting Af3 = 2504GeV. As before, this scenario has been selected for illustration purposes
and it is not meant to be phenomenologically viable. An outcome of this parameter
choice are large o↵-diagonal Z-factors Ẑ12 ' 0.65 + 0.29i, Ẑ21 ' �0.64 � 0.29i, and
Ẑ11 ' 0.85� 0.22i, Ẑ22 ' 0.84� 0.23i. The masses of the CP-even Higgs bosons are very
close to each other, Mh1 = 126.20GeV and Mh2 = 127.55GeV, while the widths obtained
from the imaginary part of the complex poles are �h1 = 0.94GeV and �h2 = 1.21GeV.
Despite its large width of �A = 3.58GeV, the third neutral Higgs boson does not overlap
significantly with the other two resonances due to the mass of Mh3 = 119.91GeV, and no
mixing with the other two states occurs because we are considering here the CP-conserving
case of real parameters.

M h =126.20 GeV
M H =127.55 GeV
G h = 0.94 GeV
G H =1.21 GeV

m od ified M h
m ax scen ario:

tan b = 50
MH + = 153 GeV

Dij 3 â 3
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Figure 11: The partonic cross section �̂(bb ! ⌧
+
⌧
�) in a modified M

max

h
-scenario with tan� =

50 and MH± = 153GeV. The cross section is calculated with the full mixing propagators (blue,
solid), approximated by the coherent sum of Breit–Wigner propagators times Ẑ-factors with the
interference term (red, dashed) and the incoherent sum without the interference term (grey, dot-
dashed). The individual contributions mediated by h1 (light blue), h2 (green) and h3 (purple)
are shown as dotted lines.

Fig. 11 shows the partonic cross section �̂(bb ! h,H,A ! ⌧
+
⌧
�) as a function of

the centre-of-mass energy
p
ŝ, where ŝ = (pb + p

b
)2 is the squared sum of the momenta

of the b- and b-quarks in the initial state. The calculation based on the full propagators

31

Propagator approximation vs. full result

19

Very good agreement of propagator approximation with full result 
Incorporation of interference effects is crucial

⇒

[E. Fuchs, G. W. ’16]
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Analysis of BSM Higgs searches in the tt final state: 
parton-level analysis (CPV effective couplings)

Interference effects have large impact on the shape of the 
distribution 20
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[f
b
]

MS1 = 500 GeV

Γ1 = 20 GeV

ct,1 = 0.334

c
˜
t,1 = 0.94

MS2 = 550 GeV

Γ2 = 27.5 GeV

ct,2 = 0.706

c
˜
t,2 = 0.89

6B;m`2 jXR8, SHQii2/ Bb i?2 "aJ +`Qbb@b2+iBQM 7Q` p�`BQmb T`Q+2bb2b �i i?2 T�`iQMB+ H2p2H �b � 7mM+iBQM
Q7 i?2 T�`iQMB+ +2Mi2`@Q7@K�bb 2M2`;v 7Q` irQ CP@KBt2/ b+�H�`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H
`2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2
v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 ;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/
BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qi +m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2
#2ir22M i?2 irQ b+�H�`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH i?2 +m`p2bX

T2�F@/BT bi`m+im`2b `2bmHiBM; 7`QK i?2 irQ BM/BpB/m�H b+�H�`bX

jj

[H. Bahl, R. Kumar, G. W. ’22]

⇒

rBi?-

f(τ) =






�`+bBM2√τ - 7Q` τ ≤ 1

−1

4

[
HQ; 1 +

√
1− τ−1

1−
√
1− τ−1

− iπ

]2
- 7Q` τ > 1 X

UkXRjV

h?2 2M2`;v@/2T2M/2Mi ?2�pv UTb2m/QVb+�H�` T�`iB�H /2+�v rB/i? +�M #2 r`Bii2M #v +QMbB/2`BM; �M
Qz@b?2HH T`Q/m+iBQM Ur?2`2 i?2 b+�H�` ?�b i?2 pB`im�HBiv Q7 ŝV Bb ;Bp2M #v Ub22 �TT2M/Bt � 7Q` KQ`2
+�H+mH�iBQM /2i�BHbV

Γ(Φ→ tt̄) ≡ ΓΦ(ŝ) = 3
G6m2

i
4
√
2π

ĝ2Φtt̄ β̂
pΦ
t

ŝ

MΦ
, UkXR9V

r?2`2 pΦ = 3 7Q` � CP@2p2M b+�H�` UHV �M/ pΦ = 1 7Q` � CP@Q// b+�H�` UAVX

AM i?Bb b2+iBQM r2 `2pB2r2/ i?2 7Q`KmH�2 i?�i ?�p2 �H`2�/v #22M /2`Bp2/ BM i?2 HBi2`�im`2 (kN- 9jĜ9e)X
q2 MQr mb2 i?2b2 `2bmHib �M/ Q#i�BM p�`BQmb 2tT`2bbBQMb 7Q` � CP@KBt2/ b+�H�`X

kXk .Bz2`2MiB�H +`Qbb@b2+iBQM BMpQHpBM; QM2 CP@KBt2/ >B;;b #QbQM
h?2 aJ T`2/B+ib i?2 >B;;b #QbQM iQ #2 � CP@2p2M 2B;2Mbi�i2X h?2 /�i� bQ 7�` `mH2b Qmi � Tm`2Hv
CP@Q// 2B;2Mbi�i2- #mi i?2 TQbbB#HBiv i?�i i?2 aJ@HBF2 >B;;b #QbQM +QmH/ #2 � CP@�/KBt2/ bi�i2 Bb
QMHv `2H�iBp2Hv r2�FHv +QMbi`�BM2/ bQ 7�` (93)X

�b KQiBp�i2/ 2�`HB2`- r2 r�Mi iQ +QMbB/2` i?2 b+2M�`BQ r?2`2 i?2 2ti2M/2/ >B;;b b2+iQ` Bb CP@
pBQH�iBM;X h?2`27Q`2- BM i?2 +�b2 Q7 QM2 �//BiBQM�H >B;;b #QbQM- r2 MQr �M�Hvx2 ?Qr i?2 2tT`2bbBQMb
+?�M;2 r?2M � CP@KBt2/ b+�H�` Bb +QMbB/2`2/ BMbi2�/ Q7 � CP@2p2M Q` CP@Q// b+�H�`X

h?2 G�;`�M;B�M U/2MbBivV /2b+`B#BM; i?2 BMi2`�+iBQM Q7 � CP@KBt2/ >B;;b #QbQM ?�b #22M +QMbB/2`2/
b2p2`�H iBK2b BM i?2 HBi2`�im`2 (ke- 9N)X �b r2 7Q+mb QM i?2 iQT@�MiBiQT [m�`F }M�H bi�i2b BM i?Bb
i?2bBb- i?2 72`KBQM mM/2` +QMbB/2`�iBQM BM i?2 umF�r� G�;`�M;B�M BMpQHpBM; i?2 ?2�pv b+�H�` rBHH
#2 i?2 iQT [m�`FX h?2 iQT@umF�r� T�`i Q7 i?2 G�;`�M;B�M BMpQHpBM; � ?2�pv b+�H�` Bb ;Bp2M �b

LvmF = −yaJ
t√
2
t̄ (ct + iγ5c̃t) tH . UkXR8V

r?2`2 yaJ
t Bb i?2 aJ iQT@umF�r� +QmTHBM;- H Bb i?2 >B;;b }2H/- t Bb i?2 iQT [m�`F bTBMQ`- �M/ t̄ Bb

i?2 �MiBiQT [m�`F bTBMQ`X h?2 T�`�K2i2` ct `2b+�H2b i?2 +QmTHBM; Q7 i?2 CP@2p2M +QKTQM2Mi Q7 i?2
?2�pv b+�H�` iQ i?2 iQT [m�`FX q?2`2�b- i?2 CP@Q// +QKTQM2Mi Q7 i?2 +QmTHBM; Q7 ?2�pv b+�H�` iQ
i?2 iQT [m�`F Bb T�`�K2i`Bx2/ #v c̃tX

6Q` � CP@KBt2/ b+�H�`- i?2 >B;;bĜiQT@[m�`F p2`i2t Bb KQ/B}2/ 7`QK mt

v
→ mt

v
(ct + iγ5c̃t) UMQi2

i?�i γ5 Bb � K�i`BtVX

6QHHQrBM; i?2 b�K2 /2}MBiBQMb Q7 i?2 p�`B�#H2b ;Bp2M BM 1[X UkXRyV- i?2 2tT`2bbBQMb 7Q` i?2 /Bz2`2MiB�H
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Analysis of BSM Higgs searches in the tt final state: 
parton-level analysis (Z-factors included)

Wave function normalisation factors have large effects
21

[H. Bahl, R. Kumar, G. W. ’22]

⇒
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b
]

MS1 = 500 GeV

�1 = 30 GeV

ct,1 = 0.334

c
˜
t,1 = -0.94

MS2 = 550 GeV

�2 = 38.5 GeV

ct,2 = 0.706

c
˜
t,2 = 0.89

Z11 = 1.015 - 0.139 I

Z12 = -0.276 - 0.999 I

Z21 = 0.2745 + 0.99 I

Z22 = 1.013 - 0.137 I

6B;m`2 jXkR, SHQii2/ Bb i?2 "aJ +`Qbb@b2+iBQM 7Q` p�`BQmb T`Q+2bb2b �i i?2 T�`iQMB+ H2p2H �b � 7mM+iBQM
Q7 i?2 T�`iQMB+ +2Mi2`@Q7@K�bb 2M2`;v 7Q` irQ CP@KBt2/ b+�H�`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H
`2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2
v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 ;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/
BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qi +m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2
#2ir22M i?2 irQ b+�H�`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH i?2 +m`p2bX h?2
p�Hm2b Q7 i?2 w@7�+iQ`b mb2/ �`2 BM/B+�i2/X

6BM�HHv- r2 +QMbB/2` � b+2M�`BQ r?2`2 i?2 irQ b+�H�`b US1 �M/ S2V �`2 M2�`Hv K�bb@/2;2M2`�i2 �M/
i?2 "aJ +`Qbb@b2+iBQMb /Bbi`B#miBQMb 7Q` p�`BQmb T`Q+2bb2b BM i?2 T�`iQMB+ +2Mi2`@Q7@K�bb 2M2`;v
�`2 b?QrM BM 6B;X jXkjX LQiB+2 i?2 H�`;2 /2bi`m+iBp2 +QMi`B#miBQM +QKBM; 7`QK i?2 bB;M�H@bB;M�H
BMi2`72`2M+2 #2ir22M i?2 b+�H�`b S1 �M/ S2 i?�i b2p2`2Hv `2/m+2b i?2 iQi�H +`Qbb@b2+iBQM B7 QMHv i?2
irQ `2bQM�M+2b r2`2 +QMbB/2`2/X �HbQ- MQiB+2 i?2 bB;M Q7 i?2 BK�;BM�`v i2`K 7Q` Z12 Ĝ r?B+? �b r2
7QmM/ BM Qm` T`2HBKBM�`v BMp2biB;�iBQM Ĝ ?�b � bB;MB}+�Mi BKT�+i QM i?2 /Bbi`B#miBQM Q7 i?2 +`Qbb@
b2+iBQM BM i?2 T�`iQMB+ +2Mi2`@Q7@K�bb 2M2`;vX 6m`i?2`KQ`2- i?2 /Bbi`B#miBQM T`Q}H2 +�M 2�bBHv #2
2``2/ rBi? � bBM;H2 ?2�pv b+�H�` `2bQM�M+2- �M/ /Bb2Mi�M;HBM; i?2 /Bbi`B#miBQM iQ �`Bb2 7`QK irQ
?2�pv b+�H�`b rBi? H�`;2 KBtBM; #2ir22M i?2K- 2p2M rBi? �`#Bi`�`BHv ?B;? K�bb `2bQHmiBQM BM �M
2tT2`BK2Mi- rBHH #2 +?�HH2M;BM;X

h?2 2tTHQ`�iQ`v THQib BM 6B;bX jXkR iQ jXkj /2KQMbi`�i2 i?2 p�`B2iv Q7 BMi2`72`2M+2 T�ii2`Mb �`BbBM;
/m2 iQ HQQT@H2p2H KBtBM;X h?2 +�H+mH�iBQMb Q7 i?2 w@7�+iQ` K�i`Bt +�M #2 +`m+B�H- �M/ i?2v rBHH
BM2pBi�#Hv �TT2�` r?2M i?2 b+�H�`b KBt �i i?2 HQQT@H2p2HX

jN
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Analysis of BSM Higgs searches in the tt final state: 
Monte Carlo implementation (MADGRAPH)

Crucial to take into account finite top-mass effects; imaginary part of 
the form factor is very important for interference contribution! 22

[H. Bahl, R. Kumar, G. W. ’22]

⇒
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H (τt)]
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Form factors for the contributionsof top quarks

6B;m`2 9XR, h?2 `2�H �M/ BK�;BM�`v T�`ib Q7 i?2 iQT@[m�`F HQQT 7mM+iBQM AΦ
1/2 BM i?2 CP@2p2M

UΦ = HV �M/ CP@Q// Φ = A +�b2bX

9Xk h?2 JQMi2@*�`HQ bQ7ir�`2
6Q` Qm` JQMi2@*�`HQ bBKmH�iBQMb- r2 mb2 J�/:`�T? (dN)X J�/:`�T? Bb �M QT2M@bQm`+2 bQ7ir�`2 mb2/
K�BMHv BM i?2 >B;? 1M2`;v S?vbB+b +QKKmMBiv 7Q` �miQK�i2/ +QKTmi�iBQM Q7 i`22@H2p2H �M/ M2ti@
iQ@H2�/BM; Q`/2` /Bz2`2MiB�H +`Qbb@b2+iBQMbX h?2 J�/:`�T? 7`�K2rQ`F Bb bmBi�#H2 7Q` BMp2biB;�iBM;
aJ �M/ "aJ T?2MQK2MQHQ;vX .Bz2`2Mi +QHHB/2`b +QM/BiBQMb 7Q` i?2 +QHHBbBQMb Q7 T�`iB+H2b Uǳ?�`/
2p2MibǴV �`2 TQbbB#H2X 6Q` 2t�KTH2- i?2 ?�`/ 2p2Mib +�M #2 ;2M2`�i2/ �i � T`QiQM@T`QiQM +QHHB/2`
UG>*VXS`Q+2bb2b +�M #2 bBKmH�i2/ iQ GP �++m`�+v 7Q` �Mv mb2`@/2}M2/ KQ/2HX J�/:`�T? Bb �HbQ
HBMF2/ iQ Svi?B� (3y) �M/ .2HT?2b (3R)X Svi?B� Bb mb2/ 7Q` T�`iQM b?Qr2`BM; �M/ ?�/`QMBx�iBQM-
r?BH2 /2i2+iQ` bBKmH�iBQM +�M #2 T2`7Q`K2/ mbBM; .2HT?2bX AMBiB�HHv- i?2`2 r2`2 irQ #`�M+?2b
Q7 /2p2HQTK2Mi ě QM2 7Q+mb2/ QM �miQK�i2/ iQQHb �i i?2 GP �M/ i?2 Qi?2` 7Q+mb2/ QM LGP
+QKTmi�iBQMbX h?2v �`2 MQr mMB}2/ BM � +QKKQM 7`�K2rQ`F �b J�/:`�T?8n�J*!LGPXR

h?2 BMTmi iQ J�/:`�T? Bb � l6P KQ/2H }H2 i?�i /2b+`B#2b �HH i?2 BMi2`�+iBQMb BM i?2 T?2MQK2MQ@
HQ;B+�H KQ/2H +QMbB/2`2/ �M/ Bi `2HB2b QM JQMi2@*�`HQ i2+?MB[m2b iQ MmK2`B+�HHv BMi2;`�i2 i?2 T?�b2
bT�+2 BMi2;`�HX

9Xj l6P KQ/2H }H2 �M/ ;2M2`�iBQM Q7 2p2Mib
Pm` i�bF MQr Bb iQ BKTH2K2Mi � KQ/2H }H2 i?�i BKTH2K2Mib i?2 irQ �//BiBQM�H "aJ CP@KBt2/
b+�H�`b i?�i +QmTH2 QMHv iQ i?2 iQT [m�`FbX q2 r�Mi iQ bi`2bb i?�i r2 /Q MQi BM+Q`TQ`�i2 i?2 /2+�v
Q7 i?2 iQT [m�`Fb BMiQ Qm` �M�HvbBb 7Q` bBKTHB+BivX h?Bb BKTH2K2Mi�iBQM +�M #2 +�``B2/ Qmi �b �
7mim`2 bi2TX � KQ/2H }H2 BKTH2K2MiBM; QM2 b+�H�`- 2Bi?2` CP@2p2M Q` CP@Q//- bi�i2 rBi? i?2 7mHH
iQT@i`B�M;H2 HQQT BKTH2K2Mi2/ �H`2�/v 2tBbib BM i?2 Tm#HB+ /�i�#�b2 Q7 KQ/2H }H2b (3k)- �M/ i?Bb
KQ/2H }H2 �HbQ +QMbB/2`b #QiiQK@[m�`Fb BM i?2 pB`im�H 72`KBQM HQQTX >Qr2p2`- i?2 BKTH2K2Mi�iBQM
Q7 QM2 Q` KQ`2 CP@KBt2/ b+�H�`UbV rBi? i?2 +QKTH2i2 iQT@HQQT Bb KBbbBM; BM i?2 Tm#HB+ /QK�BMX hQ
i?2 #2bi Q7 Qm` FMQrH2/;2- i?2`2 2tBbib MQ Tm#HB+Hv �p�BH�#H2 KQ/2H }H2 +QMi�BMBM; irQ CP@KBt2/

Rq2 mb2/ J�/:`�T? p2`bBQM jX9Xy 7Q` Qm` JQMi2@*�`HQ bBKmH�iBQMbX

9j

Loop function for gluon-fusion Higgs production:
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Analysis of BSM Higgs searches in the tt final state: 
Monte Carlo implementation (MADGRAPH)

Interference effects have large impact on the shape of the 
distribution 23

[H. Bahl, R. Kumar, G. W. ’22]

⇒
6B;m`2 9Xe, JQMi2@*�`HQ BKTH2K2Mi�iBQM Q7 a+2M�`BQ 9- +�b2 kX q2 THQi /Bz2`2Mi +`Qbb@b2+iBQM
/Bbi`B#miBQMb BM i?2 BMp�`B�Mi K�bb Q7 i?2 iQT T�B`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2-
�M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2 v2HHQr
/Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 ;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2
7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qii2/ +m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2
irQ b+�H�`bX LGP E@7�+iQ`b ?�p2 #22M �TTHB2/X h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7
�HH i?2 bmBi�#Hv b+�H2/ bB;M�H �M/ BMi2`72`2M+2 ?BbiQ;`�KbX LQi2 i?�i i?2 bB;M�H@bB;M�H BMi2`72`2M+2
+QMi`B#miBQM Bb KQ`2 i?�M 2Bi?2` Q7 i?2 irQ BM/BpB/m�H bB;M�H T2�FbX

8y
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Monte Carlo implementation (MADGRAPH): impact 
of ``effective’’ experimental smearing

Measurements may be able to resolve a peak-dip like structure
24

[H. Bahl, R. Kumar, G. W. ’22]

⇒

8.5% smearing:

6B;m`2 9XRR, SHQii2/ �`2 i?2 /Bz2`2Mi +`Qbb@b2+iBQM /Bbi`B#miBQMb BM i?2 BMp�`B�Mi K�bb Q7 i?2 iQT
T�B`b BM � JQMi2@*�`HQ 7`�K2rQ`FX :�mbbB�M bK2�`BM; Q7 8.5W Bb �TTHB2/ iQ i?2 BMp�`B�Mi K�bb Q7 i?2
iQT T�B`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@
#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2 v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2
;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qii2/
+m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2 irQ b+�H�`bX h?2 p�`BQmb +QMi`B#miBQMb ?�p2
#22M b+�H2/ #v �TT`QT`B�i2 LGP E@7�+iQ`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH
i?2 bmBi�#Hv b+�H2/ bB;M�H �M/ BMi2`72`2M+2 ?BbiQ;`�KbX

6B;m`2 9XRk, SHQii2/ �`2 i?2 /Bz2`2Mi +`Qbb@b2+iBQM /Bbi`B#miBQMb BM i?2 BMp�`B�Mi K�bb Q7 i?2 iQT
T�B`b BM � JQMi2@*�`HQ 7`�K2rQ`FX :�mbbB�M bK2�`BM; Q7 8.5W Bb �TTHB2/ iQ i?2 BMp�`B�Mi K�bb Q7 i?2
iQT T�B`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@
#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2 v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2
;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qii2/
+m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2 irQ b+�H�`bX h?2 p�`BQmb +QMi`B#miBQMb ?�p2
#22M b+�H2/ #v �TT`QT`B�i2 LGP E@7�+iQ`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH
i?2 bmBi�#Hv b+�H2/ bB;M�H �M/ BMi2`72`2M+2 ?BbiQ;`�KbX
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Monte Carlo implementation (MADGRAPH): impact 
of ``effective’’ experimental smearing

Measurements may be able to resolve a peak-dip like structure 
resolution of the two BSM Higgs bosons may be difficult 25

[H. Bahl, R. Kumar, G. W. ’22]

⇒

20% smearing:

6B;m`2 9XRj, SHQii2/ �`2 i?2 /Bz2`2Mi +`Qbb@b2+iBQM /Bbi`B#miBQMb BM i?2 BMp�`B�Mi K�bb Q7 i?2 iQT
T�B`b BM � JQMi2@*�`HQ 7`�K2rQ`FX :�mbbB�M bK2�`BM; Q7 20W Bb �TTHB2/ iQ i?2 BMp�`B�Mi K�bb Q7 i?2
iQT T�B`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@
#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2 v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2
;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qii2/
+m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2 irQ b+�H�`bX h?2 p�`BQmb +QMi`B#miBQMb ?�p2
#22M b+�H2/ #v �TT`QT`B�i2 LGP E@7�+iQ`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH
i?2 bmBi�#Hv b+�H2/ bB;M�H �M/ BMi2`72`2M+2 ?BbiQ;`�KbX

6B;m`2 9XR9, SHQii2/ �`2 i?2 /Bz2`2Mi +`Qbb@b2+iBQM /Bbi`B#miBQMb BM i?2 BMp�`B�Mi K�bb Q7 i?2 iQT
T�B`b BM � JQMi2@*�`HQ 7`�K2rQ`FX :�mbbB�M bK2�`BM; Q7 20W Bb �TTHB2/ iQ i?2 BMp�`B�Mi K�bb Q7 i?2
iQT T�B`bX h?2 Tm`TH2 /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2 #`QrM /�b?2/ +m`p2 Bb i?2 bB;M�H@
#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 }`bi b+�H�`X h?2 v2HHQr /Qii2/ +m`p2 Bb i?2 bB;M�H `2bQM�M+2- �M/ i?2
;`22M /�b?2/ +m`p2 Bb i?2 bB;M�H@#�+F;`QmM/ BMi2`72`2M+2 7Q` i?2 b2+QM/ b+�H�`X h?2 `2/ /�b?@/Qii2/
+m`p2 /2MQi2b i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2 irQ b+�H�`bX h?2 p�`BQmb +QMi`B#miBQMb ?�p2
#22M b+�H2/ #v �TT`QT`B�i2 LGP E@7�+iQ`bX h?2 bQHB/ #Hm2 +m`p2 Bb Q#i�BM2/ �b i?2 iQi�H bmK Q7 �HH
i?2 bmBi�#Hv b+�H2/ bB;M�H �M/ BMi2`72`2M+2 ?BbiQ;`�KbX h?2 #H�+F /�b?@/Qii2/ +m`p2 Bb 7Q` i?2 Z*.
#�+F;`QmM/ T`Q+2bbX h?2 bQHB/ `2/ +m`p2 Bb i?2 iQi�H Q7 �HH i?2 bB;M�H �M/ BMi2`72`2M+2 +QMi`B#miBQMb
�M/ i?2 Z*. #�+F;`QmM/X
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Good agreement with previous results, but signal-signal interference 
contributions (not considered there) may be sizeable 26

[H. Bahl, R. Kumar, G. W. ’22]

⇒

Comparison with results of [P. Basler et al. ’20] 

Application to the C2HDM and comparison with 
existing results in the literature

+m`p2 BM/B+�i2/ �b aB;2−"F; AMi7X Bb i?2 BMi2`72`2M+2 +QMi`B#miBQM Q7 i?2 b2+QM/ b+�H�` rBi? i?2
#�+F;`QmM/X h?2 `2/ /�b?@/Qii2/ +m`p2 Bb i?2 bB;M�H@bB;M�H BMi2`72`2M+2 #2ir22M i?2 irQ b+�H�`b
�M/ Bb K�`F2/ �b aB;1−aB;2 AMi7X BM i?2 THQi H2;2M/X h?2 +m`p2b ?�p2 #22M bmBi�#Hv b+�H2/ #v i?2
LGP E@7�+iQ`b �i i?2 ?BbiQ;`�K H2p2HX h?2 bQHB/ #Hm2 HBM2 Bb i?2 bmK Q7 �HH i?2 bB;M�H �M/ BMi2`72`2M+2
+QMi`B#miBQMbX aQK2 THQib �HbQ ?�p2 i?2 Z*. #�+F;`QmM/ b?QrM #v � #H�+F /�b?@/Qii2/ +m`p2X h?2
bQHB/ `2/ +m`p2 Bb i?2 iQi�H Q7 �HH i?2 +`Qbb@b2+iBQMb BMpQHp2/- M�K2Hv- i?2 iQi�H bB;M�H �M/ BMi2`72`2M+2
+QMi`B#miBQMb U+QMbiBimiBM; i?2 "aJ +`Qbb@b2+iBQMV �M/ i?2 Z*. #�+F;`QmM/X

h?2 THQib r2 Q#i�BM 7Q` i?2 /Bz2`2MiB�H +`Qbb@b2+iBQM BM i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM Q7 i?2 T`Q+2bb
Ugg → tt̄V �`2 BM ;QQ/ [m�HBi�iBp2 �;`22K2Mi rBi? i?2 +Q``2bTQM/BM; THQib BM (9k)- 2t+2Ti- 7Q` i?2
#2M+?K�`F TQBMib r?2`2 i?2 bB;M�H@bB;M�H BMi2`72`2M+2 +QMi`B#miBQM Bb MQi M2;HB;B#H2 U�b BM 6B;X 8Xk�X

q2 ?�p2 +�``B2/ Qmi i?Bb +QKT�`BbQM �b �M �//BiBQM�H p�HB/�iBQM Q7 Qm` J�/:`�T? BKTH2K2Mi�iBQMX
�HH i?2 BMTmi T�`�K2i2`b mb2/ BM i?2 J�/:`�T? bBKmH�iBQM 7Q` p�`BQmb #2M+?K�`F TQBMib +�M #2
7QmM/ BM �TT2M/Bt *X

U�V "Sj U#V "Sj �M/ i?2 Z*. #�+F;`QmM/

6B;m`2 8Xk, h?2 /Bz2`2MiB�H +`Qbb@b2+iBQM BM i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM 7Q` gg → tt̄ 7Q` i?2
T�`�K2i2` TQBMi U�V "Sj �M/ U#V "Sj �HQM; rBi? i?2 Z*. #�+F;`QmM/ U/�b?2/@/Qii2/ #H�+F HBM2VX
a22 �TT2M/Bt * 7Q` p�Hm2b Q7 i?2 T�`�K2i2`b mb2/ BM i?2 J�/:`�T? bBKmH�iBQMX h?2 bQHB/ #Hm2 HBM2 Bb
i?2 bmK Q7 �HH /Bz2`2Mi +QMi`B#miBQMb- M�K2Hv i?2 bB;M�H �M/ i?2 p�`BQmb BMi2`72`2M+2 +QMi`B#miBQMbX
h?2 bQHB/ `2/ HBM2 Bb i?2 bmK Q7 �HH i?2 bB;M�H �M/ BMi2`72`2M+2 +QMi`B#miBQMb �//2/ iQ i?2 Z*.
#�+F;`QmM/X

�i i?Bb TQBMi- r2 rBb? iQ /`�r i?2 �ii2MiBQM Q7 i?2 `2�/2` iQ 6B;X 8Xk�- r?2`2 i?2`2 Bb � MQiB+2�#H2
bB;M�H@bB;M�H BMi2`72`2M+2 +QMi`B#miBQMX 6`QK i?2 THQi- Bi Bb +H2�` i?�i r?2M i?2 irQ b+�H�`b ?�p2
Qp2`H�TTBM; `2bQM�M+2b- i?2 bB;M�H@bB;M�H BMi2`72`2M+2 2z2+i M22/b iQ #2 +QMbB/2`2/ Ub22 �HbQ i?2
`2K�`F BM (9k)VX �+im�HHv- i?2`2 Bb � bBKBH�` +�b2 7Q` "Sk- r?2`2 i?2 b+�H�`b ?�p2 Qp2`H�TTBM;
`2bQM�M+2b �M/ �`2 CP@KBt2/X >Qr2p2`- i?2 bB;M�H@bB;M�H BMi2`72`2M+2 7`QK i?2 CP@2p2M �M/ CP@
Q// +QKTQM2Mib Q7 i?2 irQ b+�H�`b �// mT /2bi`m+iBp2Hv Ub22 1[X UkXkRV �M/ i?2 /Bb+mbbBQM BM
a2+iBQM kXjVX AMi2`2biBM;Hv- 2p2M 7Q` "Sj- i?2 CP@2p2M �M/ CP@Q// +QKTQM2Mib BM i?2 bB;M�H@bB;M�H
BMi2`72`2M+2 i2`K �// mT /2bi`m+iBp2Hv- #mi i?2v /Q MQi 2MiB`2Hv 2M/ mT +�M+2HHBM; 2�+? Qi?2`X AM
Q`/2` iQ /2KQMbi`�i2 i?2 BKT�+i Q7 i?2 /Bz2`2Mi +QMi`B#miBQMb r2 +QMbB/2` � p�`B�Mi Q7 "Sj r?2`2
QM2 Q7 i?2 bB;Mb Q7 � umF�r�@+QmTHBM; KQ/B}2` Bb ~BTT2/- c̃t,2 BM i?Bb +�b2X h?2 `2bmHi Q7 i?2 bB;M
~BT Bb b?QrM BM 6B;X 8X9�X ULQi2 i?�i i?2 T`Q/m+ib [ct,1 × ct,2] �M/ [c̃t,1 × c̃t,2] MQr ?�p2 i?2 b�K2
bB;MXV h?2 bB;M ~BT Bb b22M iQ ?�p2 � p2`v bB;MB}+�Mi 2z2+i- �M/ QM2 MQiB+2b i?�i i?2 bB;M�H@bB;M�H

e9
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Conclusions

Higgs phenomenology in extended Higgs sectors: careful treatment 
of unstable particles, mixing, interferences necessary  


Typical situation: a light SM-like Higgs boson + heavy Higgs bosons 
that are nearly mass-degenerate (note: additional Higgs bosons can 
also be lighter than the state at 125 GeV)


Mixing between the heavy Higgs bosons can lead to large 
interference effects, resonance-type behaviour


Signal-background interferences (for different BSM Higgs bosons) + 
signal-signal interferences can modify distributions very significantly 
compared to the case of a single BSM Higgs resonance! 


Detailed studies are in progress
27
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Backup
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Mass dependence and off-shell effects

High sensitivity on mass value and importance of off-shell effects 
for BR(H → ZZ*), BR(H → WW*) have same physical origin: 

29
⇒

For a 125 GeV Higgs boson the branching ratios into              
BR(H → ZZ*), BR(H → WW*) are far below threshold                     
⇒ Strong phase-space suppression, steep rise with MH       
Sensitive dependence on MH, off-shell effects are important 

Mh = 125GeV

SM Higgs 
branching 
fractions:

[LHC Higgs XS WG ’14]
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CMS: excess in search for A → tt at about 400 GeV

30

Overview
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[A. Anuar ’21]

Signal-background interference yields 
peak-dip structure


Analysed using angular correlations of 
the top and anti-top decay products 
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Search for additional Higgs bosons: H, A → tt
Excess in CMS search at about 400 GeV:

31

CMS, best fit value for ΓA/mA = 2.5%

[CMS Collaboration ’19]
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Search for additional Higgs bosons: H, A → tt
Excess in CMS search at about 400 GeV:

32

Good description of the A → tt excess at 400 GeV in models with 
extended Higgs sectors (N2HDM, NMSSM)

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Higgs production via gluon fusion in the MSSM 
with CP-violation: SusHiMi code

33

[S. Liebler, S. Patel, G. W. ’16]
Phase dependence for dominantly CP-even state ``he’’:  

Significant reduction of theoretical uncertainty w.r.t. LO result⇒
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Figure 8: LO (red) and best prediction gluon-fusion cross section (blue) for he in fb as a function
of (a) �At and (b) �M3 in the m

mod+

h -inspired scenario with tan� = 40. The black dot-dashed

curves depict the best prediction cross section without squark contributions (except through Ẑ
factors). In the lower panel we show the K-factor �/�LO. The depicted uncertainties are scale
uncertainties.

is similar as in the previous plots. The K-factors in the lower panel show that the dependence
of the NLO cross sections on the phases �At and �M3 follows a similar trend as the LO cross
section. In the plot on the right, the asymmetric K-factor dependence on �M3 is related to the
direct dependence of �b on the phase �M3 .

In Fig. 9 we separately analyse the squark contributions for the LO cross section, i.e. the predic-
tion omitting the squark loop contributions (black dot-dashed curves) is compared with the ones
where first the pure LO squark contributions are added (depicted in cyan), and then the resum-
mation of the �b contributions to the bottom-quark Yukawa coupling is taken into account. For
the latter both the results for the full (�b2, blue) and the simplified (�b1, red) resummation are
shown. While the the pure LO squark contributions are seen to have a moderate e↵ect, it can
be seen that the incorporation of the resummation of the �b contribution leads to a significant
enhancement of the squark loop e↵ects. We furthermore confirm that for the heavy neutral
Higgs bosons considered here the simplified resummation approximates the full resummation of
the �b contribution very well. The curves corresponding to �b2 and �b1 hardly di↵er from each
other both for the variation of �At and �M3 . As before all curves include the same Ẑ factors
obtained from FeynHiggs. The results for ho, which are not shown here, are qualitatively very
similar. The LO squark contributions are less relevant for the ho cross section, since those con-
tributions are absent in the MSSM with real parameters. We also note that the curves for ho

follow a similar behaviour as the ones for he, which implies that there are no large cancellations
expected in the sum of the cross sections for the two heavy Higgs bosons times their respective

24
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Higgs production via gluon fusion in the MSSM: 
incorporation of CP-violating effects

gg → h2 / h3, phase dependence for dominantly CP-even state ``he’’:  
[S. Liebler, S. Patel, G. Weiglein ’16]
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Figure 8: LO (red) and best prediction gluon-fusion cross section (blue) for he in fb as a function
of (a) �At and (b) �M3 in the m

mod+

h -inspired scenario with tan� = 40. The black dot-dashed

curves depict the best prediction cross section without squark contributions (except through Ẑ
factors). In the lower panel we show the K-factor �/�LO. The depicted uncertainties are scale
uncertainties.

is similar as in the previous plots. The K-factors in the lower panel show that the dependence
of the NLO cross sections on the phases �At and �M3 follows a similar trend as the LO cross
section. In the plot on the right, the asymmetric K-factor dependence on �M3 is related to the
direct dependence of �b on the phase �M3 .

In Fig. 9 we separately analyse the squark contributions for the LO cross section, i.e. the predic-
tion omitting the squark loop contributions (black dot-dashed curves) is compared with the ones
where first the pure LO squark contributions are added (depicted in cyan), and then the resum-
mation of the �b contributions to the bottom-quark Yukawa coupling is taken into account. For
the latter both the results for the full (�b2, blue) and the simplified (�b1, red) resummation are
shown. While the the pure LO squark contributions are seen to have a moderate e↵ect, it can
be seen that the incorporation of the resummation of the �b contribution leads to a significant
enhancement of the squark loop e↵ects. We furthermore confirm that for the heavy neutral
Higgs bosons considered here the simplified resummation approximates the full resummation of
the �b contribution very well. The curves corresponding to �b2 and �b1 hardly di↵er from each
other both for the variation of �At and �M3 . As before all curves include the same Ẑ factors
obtained from FeynHiggs. The results for ho, which are not shown here, are qualitatively very
similar. The LO squark contributions are less relevant for the ho cross section, since those con-
tributions are absent in the MSSM with real parameters. We also note that the curves for ho

follow a similar behaviour as the ones for he, which implies that there are no large cancellations
expected in the sum of the cross sections for the two heavy Higgs bosons times their respective

24

Significant reduction of theoretical uncertainty w.r.t. leading-order (LO) result 
The interference between the two nearly mass-degenerate heavy Higgs 
bosons yields an important contribution to the full result for σ x BR

SusHiMi code:  

⇒
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Cross sections with and without interference 
contributions vs. experimental limits
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Figure 5: Comparison of predicted Higgs cross sections times branching ratio into ⌧+⌧� with
and without the interference and with 2 ⇥ 2 and 3 ⇥ 3 mixing, for a fixed value of tan�, to
experimental exclusion bounds. Left column (a, c): production via bb̄. Right column (b, d):
production via gg. Upper row (a, b): strongest interference e↵ect at tan� = 29. Lower row:
(c) tan� = 25, (d) tan� = 19. Each plot shows the CMS observed (black, solid) and expected
(black, dotted) exclusion bounds at 95% CL at 8TeV with

R
L = 24.6 fb�1 from Ref. [25,80,81],

as well as the theory prediction in the CMmod+
h

scenario for the combined cross section of h2
and h3 as the incoherent sum restricted to CP-conserving mixing for �At = 0 (turquoise, dotted,
labelled as “2 ⇥ 2”), the incoherent sum with CP-violating mixing for �At = ⇡/4 (turquoise,
dashed, labelled as “3 ⇥ 3 incoherent”) and the coherent sum (i. e. including the interference
term) with CP-violating mixing for �At = ⇡/4 (turquoise, solid, labelled as “3⇥ 3 coherent”).
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CP-violating mixing induces resonance-type enhancement            
+ large destructive interference contributions
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Generic feature of 2HDM: suppression of couplings 
to fermions in production process possible

36

Searching for heavy Higgs bosons.
Check of the Run I analysis.

We continue with a variation of cos(� � ↵) (for
p
s = 8TeV):

. Decay H ! ZZ is determined by g
H

V = cos(� � ↵) = c��↵.
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Hadronic gg → ZZ cross sections, impact of 
interference contributions for larger values of tanβ

Interference effects provide enhanced sensitivity to heavy Higgs H⇒

sin(β-α) = 0.990, MH = 400 GeV:

tanβ = 20
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Figure 12: Scenario S2 (S5) as a function of t� showing (a) the Higgs width �H in GeV; (b)
the inclusive cross section �

X in pb within m
I
ZZ

for
p
s = 13TeV (black: X = |H|

2; red,
dashed: X = |H|

2+2Re(H ·h); blue, dot-dashed: X = |H|
2+2Re(H ·h)+2Re(H ·B)); (c) the

relative ratio of cross sections �X
/�

|H|2 within m
I
ZZ

. The partonic cross section d�
X
/dmZZ

in arbitrary units (see text) is shown in (d) as a function of mZZ in GeV for scenario S5 (S2
with t� = 20).

In total we conclude that in particular for large values of t� or vanishing g
H
t interferences

can get of importance for future experimental analyses. In the first case the interference
of the heavy Higgs contribution with the light Higgs can be significantly enhanced, in the
second case the interference with the background. Those cases appear in regions where the
inclusive cross sections are in the vicinity of 10�2 pb and thus potentially in reach with higher
statistics at the LHC.

4.2.4 Interferences at high invariant masses

So far we focused on the interference e↵ects between the heavy Higgs and the background
as well as the heavy Higgs and the light Higgs in the vicinity of the heavy Higgs resonance.
Within the region of the heavy Higgs mass peak the interference between the light Higgs and
the background can be considered constant, with a negative contribution to d�/dmZZ , and
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Large 
constructive  
contribution 
from H - h 
interference! 
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Interferences at high invariant masses
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Figure 13: Partonic cross sections d�X
/dmZZ as a function of the invariant mass mZZ in GeV

for scenario (a) S2, (b) S3 and (c) S5 (black: X = |H|
2; red, dashed: X = |H|

2+2Re(H ·h);
blue, dot-dashed: X = |H|

2 + 2Re(H · h) + 2Re(H · B); green, dotted: X = |H|
2 + 2Re(H ·

h) + 2Re(H ·B) + 2Re(h ·B)).

was therefore not considered in the discussion of gg ! ZZ so far. However, similar to our
discussion of the processes with four fermionic final states we now add the interference of
the light Higgs boson with background diagrams also to gg ! ZZ, since at high invariant
masses the interplay between all three contributions, h and H and the background B, is of
relevance and plays a role in the unitarization of the cross section. In Fig. 13 we plot the
di↵erential cross section as a function of the invariant mass of the diboson system up to
high masses beyond the heavy Higgs resonance. We exemplify the discussion for the three
scenarios S2, S3 and S5. The di↵erences between the colored curves display the importance
of the di↵erent interference terms. Since again our study is performed for the partonic cross
section and we are interested in the relative e↵ects of the interferences among each other,
we do not display units for d�/dmZZ . At high invariant masses the interference between
the heavy Higgs boson and the background is negligible, in contrast to the interference of
the light Higgs and the heavy Higgs boson, which can be large and can have either sign.
Moreover, the interference of the light Higgs boson and the background has a sizable impact
below and above mZZ = mH up to invariant masses of about 1TeV. It should be noted
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Interference 
contributions 
entering with 
different sign 
could mimic 
peak-like 
structure! 

2HDM type I, sin(β-α) = 0.950, MH = 400 GeV, tanβ = 5:

All interference contributions needed for correct description⇒


